Packaging fishery products under vacuum atmosphere packaging (VAC) and modified atmosphere packaging (MAP) conditions can significantly extend the shelf life of raw, refrigerated fish products. There is considerable commercial interest in marketing VAC and MAP refrigerated (never frozen) raw fish fillets. The objective of this study was to determine if Clostridium botulinum toxin development precedes microbiological spoilage in raw, refrigerated flounder fillets. Aquacultured flounder (Paralichthys dentatus) individual fish fillets either were packed with a film having an oxygen transmission rate (OTR) of 3,000 cm 3 m Ϫ2 24 h Ϫ1 at 22.8ЊC or were vacuum packaged or packaged under 100% CO 2 with a film having an OTR of 7.8 cm 3 m Ϫ2 24 h Ϫ1 at 21.1ЊC and were stored at 4 and 10ЊC. Samples were analyzed by aerobic plate count (APC) for spoilage and qualitatively for botulinum toxin with a mouse bioassay. The results demonstrate that flounder fillets (4ЊC) packaged with a film having an OTR of 3,000 were microbiologically spoiled (APC, Ͼ10 7 CFU/g) on day 15, but there was no toxin formation, even after 35 days of storage. However, at 10ЊC, toxin production occurred (day 8), but it was after microbial spoilage and absolute sensory rejection (day 5). Vacuum-packaged fillets and 100% CO 2 fillets (4ЊC) packaged with a film having an OTR of 7.8 were toxic on days 20 and 25, respectively, with microbial spoilage (APC, Ͼ10 7 CFU/g) not occurring during the tested storage period (i.e., Ͼ35 days). At 10ЊC, in vacuum-packaged flounder, toxin formation coincided with microbiological spoilage (days 8 to 9). In the 100% CO 2 -packaged fillets, toxin formation occurred on day 9, with microbial spoilage occurring on day 15. This study indicates that films with an OTR of 3,000 can be used for refrigerated fish fillets and still maintain the safety of the product.
The world's current consumption of seafood is approximately 80 million metric tons, with a prediction of 110 to 120 million metric tons by 2010. Harvesting, farming, and processing technologies must continue to develop to meet the increasing demand (12) . Decreasing fishery supplies of wild flounder populations and an increased market demand, particularly with the cultivation of Japanese flounder, Paralichthys olivaceus (18) , has resulted in increased flatfish research and production studies. In the United States, the summer flounder (Paralichthys dentatus) is a highly valued fish found off the waters of the Atlantic Coast from Nova Scotia to southern Florida (27) . This species is presently being studied for its potential to be raised through aquaculture techniques.
The use of modified atmosphere packaging (MAP) and vacuum atmosphere packaging (VAC) can increase the shelf life of refrigerated fishery products (22) . Nevertheless, there are food safety and quality issues that must be considered when marketing refrigerated foods, especially those with an extended shelf life. Processors should carefully evaluate and prevent hazards that may exist in refrigerated foods with an extended shelf life before marketing such products (3) . Microbiological concerns with refrigerated foods focus on psychrotrophic and mesophilic organisms that have an opportunity to grow during extended refrigerated storage. Several pathogens can grow at refrigerated temperatures, and for some pathogens, only a few cells can cause illness when ingested (17) .
Shelf life is increased by the inhibition of aerobic spoilage bacteria, but VAC and MAP will not inhibit the growth of Clostridium botulinum (15) . This organism has the potential to produce a powerful neurotoxin in foods, especially under anaerobic conditions. The lethal dose of botulinum toxin in adults is approximately 1 ng/kg. Fish inoculated with high numbers of C. botulinum spores and stored under VAC or MAP conditions have become toxic within 6 to 8 days during refrigerated storage at temperatures of 50ЊF (10ЊC) (19) . This is a concern, since in distribution and retail storage, product temperatures have been found to fluctuate between 40 and 50ЊF (4.4 to 10ЊC) (19) . Post et al. (21) reported that flounder fillets became absolutely spoiled before toxin production. Cod fillets developed toxin before absolute rejection in all temperature and atmosphere combinations, except for 90:8:2 CO 2 -N 2 -O 2 packages at 26ЊC, air packages at 12ЊC, and air and 100% N 2 packages at 8ЊC. Toxin production coincided with absolute sensory rejection in the 26ЊC air packages. For whiting fillets, only air packages stored at 8ЊC were spoiled before toxin production. Spoilage coincided with toxin production at 26 and 8ЊC for vacuum and 100% N 2 packages. All other package and temperature combinations became toxic before absolute spoilage. Conversely, in cod fillets (25) , crawfish tails (16) , and trout fillets (5), sensory rejection preceded toxin production for every temperature and package combination. However, Dufresne (4) reported that toxigenesis in smoked trout fillets coincided with sensory rejection at some temperatures, oxygen transmission rates (OTRs), and atmosphere combinations. Garcia et al. (9) packaged salmon fillets in VAC and MAP. At 4ЊC storage, sensory scores indicated rejection before toxin production by the same sensory scale as used by Post et al. (21) . In another study, inoculated shrimp at 4ЊC spoiled when microbial counts were approximately 6.0 log CFU/g, but no toxin was detected (10) . At 10ЊC, sensory rejection occurred before microbial counts exceeded 6.0 log CFU/g but coincided with toxin production. Additionally, Garren et al. (11) inoculated aquacultured rainbow trout, and at 10ЊC, toxin developed after spoilage. Psychrotrophic counts were ϳ6.0 log CFU/g, and off-odors were present.
Total plate counts for packaged salmon fillets and fillet sandwiches composed of two fillets at 4.4ЊC were 9.0 log CFU/g at the time of absolute sensory rejection (29) . Toxin was not detected in either type of packaged fillet for any temperature combination. Toxin production coincided with sensory rejection in the MAP fillets, and toxin production preceded spoilage in the air-packaged fillets at 22.2ЊC. Microbial counts were approximately 9.0 log CFU/g for fillets in air and MAP. In other studies with aquacultured tilapia, catfish, and salmon packaged in modified atmosphere, sensory rejection preceded toxin production in all scenarios, except for salmon stored at 8ЊC, tilapia at 16ЊC, and catfish at 16ЊC, when toxin production coincided with sensory rejection. Toxin production in the salmon stored at 16ЊC preceded sensory rejection. In all cases, microbial counts were Ͼ8.0 log CFU/g (23) (24) (25) (26) .
Cai et al. (2) reported that inoculated and uninoculated catfish fillets spoiled at the same rate. At 4ЊC in overwrapped, packaged samples, toxin production coincided with sensory rejection but was preceded by microbiological spoilage. In MAP samples, toxin production coincided with microbiological spoilage and sensory rejection. During 10ЊC storage, toxin production occurred in overwrapped, packaged samples during or before sensory rejection but after microbial spoilage. In MAP fillets, the time of toxin production coincided with microbial spoilage but not with sensory rejection.
Eklund (6) identified the following conditions needed for foodborne illness from C. botulinum to occur: (i) the food must be contaminated with spores or vegetative cells; (ii) the processing treatment must be inadequate to inactivate spores or the product is recontaminated after processing; (iii) the food must support growth and toxin formation when temperatures exceed 3.3ЊC; and (iv) the food is consumed without cooking or after inadequate heating to inactivate preformed toxin. C. botulinum is indigenous to the aquatic environment, and fish is an excellent substrate for growth. Spores can survive cooking, and the organism also can grow at temperatures as low as 3.3ЊC (8, 28) or even at 3.0ЊC (13) . The objective of this study was to determine if aquacultured flounder could be packaged in a reduced oxygen package to extend shelf life without compromising safety.
MATERIALS AND METHODS
Fillet preparation. Summer flounder (P. dentatus) fillets were removed from adult fully grown finfish at the aquaculture facility of the Virginia Seafood Agricultural Research and Extension Center (Hampton, Va.). All flounder were fed the same diets under the same culture conditions and were the same age. These fish were netted from tanks and chill killed in a cooler of ice water. They remained in the cooler until they were filleted (ϳ10 min). Four boneless and skinless fillets were obtained from each fish (ϳ350 g total). Each fillet was rinsed quickly in tap water to remove excess blood and placed into a 1-gal (3.785-liter) resealable plastic bag, packed in ice, and transported immediately to the laboratory for packaging, storage, and analysis.
Packaging and storage. Individual fish fillets either were packed with a film having an OTR of 3,000 cm 3 m Ϫ2 24 h Ϫ1 at 22.8ЊC (Cryovac Super L Bag, Cryovac, Duncan, S.C.) or were vacuum packaged or packaged under 100% CO 2 with a film having an OTR of 7.8 cm 3 m Ϫ2 24 h Ϫ1 at 21.1ЊC (High Barrier Deli 3-mil., composed of 0.75-gauge nylon with EVOH and 2.25-gauge polyethylene; Koch Supplies Inc., Kansas City, Mo.). An Ultravac vacuum packager (Koch) was used for the 3,000-OTRpackaged fish and for the vacuum-packaged fish (OTR, 7.8).
The modified atmosphere packages were prepared by flushing packages to their capacity with 100% CO 2 gas (Holox Limited, Roanoke, Va.) for four consecutive replications. A 3-ft (91.44-cm) Nalgene hose terminated with a 5-in. (12.7-cm), 24-gauge cannula delivered the modified atmosphere. The cannula was placed to one side of the package during filling and sanitized with ethanol between each package. Gas was expelled by hand from each bag three times prior to sealing. Gas was prevented from escaping by folding over the open end of the package while it was double-sealed with a portable tabletop contact heat sealer (Kapack Corp., Minneapolis, Minn.). The final gas-to-product ratio was at least 6:1. Packaged fillets were stored at 4 and 10ЊC with a minimum 1-in. (2.54-cm) separation between packages to allow respiration.
Spoilage studies. Prior to C. botulinum inoculation studies, aerobic, anaerobic, and psychrotrophic plate counts (in triplicate) were conducted for the 7.8-and 3,000-OTR-packaged fillets after storage at 4 and 10ЊC. Sampling days were selected on the basis of 0, 75, 100, and 125% of estimated shelf life. In this study, microbiological spoilage (end of shelf life) was defined as at least 7.0 log CFU/g for any plate count analysis (14) . Samples were pulverized in a laboratory stomacher (Seward Stomacher 400 Circulator, Seward, Thetford, Norfolk, UK) for 2 min at 230 rpm with a 1:4 ratio (wt/vol) of sample to Butterfield's buffer (International BioProducts, Bothell, Wash.). One milliliter of sample was serially diluted with Butterfield's buffer and then plated onto Aerobic Plate Count (APC) Petrifilm (3M Microbiology, St. Paul, Minn.) in duplicate. Petrifilm plates were incubated for 48 h at 36ЊC, except for psychrotrophic films, which were incubated for 3 to 4 days at 21ЊC. These spoilage studies provided shelf life estimations that were used to reduce the frequency of sampling for the inoculation and toxin determination studies. Spore inoculation. Five strains of nonproteolytic C. botulinum-17 Type B, Beluga, Minnesota, Alaska Type E, and Type F 83F-were obtained from the culture collection of the Department of Food Science and Technology at Virginia Tech, and spore crops were created by biphasic procedures as described in Anellis et al. (1) . Spores were harvested by removing 10 ml of the liquid phase and combining it with 10 ml of sterile Butterfield's buffer (International BioProducts). The subsequent suspension was centrifuged with a Sorvall RC-5B refrigerated centrifuge (DuPont Instruments, Wilmington, Del.) at 2,420 ϫ g for 20 min at 4ЊC. The supernatant was removed, and the spores were resuspended with 10 ml of sterile Butterfield's buffer and centrifuged again. This process was repeated three consecutive times before 10-ml aliquots of washed spores were placed into sterile glass vials and stored at Ϫ80ЊC until needed.
Spore crops were enumerated with serial dilutions in sterile Butterfield's buffer and anaerobically incubated in Trypticasepeptone-glucose-yeast extract roll tubes. Tubes were incubated for up to 10 days at 30ЊC. Final equivalent dilutions were made with sterile Butterfield's buffer to produce a five-strain cocktail in a concentration of 2.0 to 3.0 log CFU/ml and then stored in vials at Ϫ80ЊC until needed. Purity of cultures was confirmed by identifying rainbow iridescent or pearly reactions on anaerobically incubated McClung-Toabe egg yolk agar at 30ЊC (7) .
During the thawing process, manual shaking of the frozen cocktail cultures at room temperature with sterilized glass beads was used to break apart any coagulated spores (7) . An external inoculation of approximately 2.0 to 3.0 log CFU/g of nonheatshocked spores was applied by dropwise addition with a 1-ml tuberculin syringe (Becton Dickinson) on the outside (bone side) of each fillet. The distribution was applied by spreading the droplets with a sterile L-shaped glass rod into a thin layer (19) . Nonheat-shocked spores were used, since environmental temperatures during raw fish fillet processing are well below those required to heat shock spores (80ЊC). Between inoculations, the thawed cocktail was stored in ice packs to prevent the mixture from warming. Sterile distilled water inoculations were used as a control. Five to seven replications of all temperature and packaging combinations were performed.
Toxin determination and APC. Detection of C. botulinum toxin and APC followed the general protocol outlined in the U.S. Food and Drug Administration Bacteriological Analytical Manual (30) . Samples were pulverized in a laboratory stomacher for 2 min at 230 rpm with a 1:1 ratio of gel phosphate buffer, with pH adjusted to 6.2 with 1 N NaOH or HCl. One milliliter of sample was serially diluted into Butterfield's buffer, plated onto Petrifilm (3M) in duplicate, and incubated for 48 h at 36ЊC. Microbiological spoilage was defined as at least 7.0 log CFU/g for APC analysis (14) . Twenty milliliters of slurry was removed and centrifuged for 10 min at 11,951 ϫ g. The supernatant was filtered with a sterile, 25-mm-diameter, 0.2-m-pore-size syringe-tip filter (Acrodisk, Gelman Laboratory, East Hills, N.Y.). Samples were typically frozen (Ϫ20ЊC) at this point. The freezing process, as well as the dilution and filtering, was used to reduce the event of nonspecific death in the mouse biotoxin assay due to the presence of additional toxic compounds in severely spoiled fillets (15) . Within 7 days, samples were thawed at 4ЊC. Trypsin solution (0.2 ml) was added to two 1.8-ml aliquots of supernatant for each sample. The subsequent treated solutions were incubated at 35 to 37ЊC with gentile agitation for 1 h. One aliquot was heated to 100ЊC for 30 min as a control. One milliliter of trypsinized, nontrypsinized, and heated trypsinized supernatant was loaded into three separate tuberculin syringes. Five 15-to 18-g male mice (Mus musculus) (Harlan Sprague Dawley) were given an intraperitoneal injection with 0.5 ml of supernatant (either trypsinized [two], nontrypsinized [two], or control [one]). Mice were observed periodically for symptoms of botulism for 48 h. Botulism signs typically began within the first 24 h with ruffling of fur, followed in sequence by labored breathing, weakness of limbs, total paralysis with gasping for breath, and finally death due to respiratory failure. Any mice not succumbing to the effects of the toxin were sacrificed with CO 2 gas. Storage temperatures and sampling days were identical to those used for pH determination, except that five to seven replications were performed with APC, toxin determination, and sensory evaluation.
Sensory evaluation. Sensory analysis was performed in conjunction with the microbiological and toxin analysis. The fillets were held frozen (Ϫ80ЊC) until the day of the sensory analysis. Samples were thawed at room temperature, allowed to equilibrate at 4ЊC, and presented as whole fillets to three untrained panelists, who were immunized against C. botulinum toxin. The panelists held packaged fish samples a minimum distance of 8 in. (20.32 cm) from the nose. A five-point hedonic scale was used to determine characteristics of odor and appearance (see Table 1 ). Normal rejection was given a numerical value of 4, while a score of 5 was reserved for a product that had deteriorated to the point of absolute rejection, i.e., if the consumers had purchased it and were starving to death, they would not consider consumption (21) .
RESULTS AND DISCUSSION
Headspace gas. The average gas-to-product ratio for air and 100% CO 2 packages was 6:1. In uninoculated packaged fillets (3,000-OTR film) at 10ЊC, O 2 concentrations initially were 21.3% but dropped to Ͻ1.0% by day 6. Initial concentrations of CO 2 were 0.8% but increased to 16.6% by day 6 and peaked on day 8 at 21.1% (Fig. 1) . For 100% CO 2 -packaged fillets, the concentration of CO 2 at 10 and 4ЊC remained at 100% until the termination of the study on days 18 and 35, respectively. Initially, there was a small decrease in the total volume of the 100% CO 2 packages, which was caused by gas being absorbed into the tissue, particularly at 4ЊC. This partial deflation was also described by Garcia et al. (9) in both 100% CO 2 and 70:30 CO 2 -N 2 (modified atmosphere) packages at different temperature combinations.
On day 20 at 4ЊC, O 2 concentrations in uninoculated packaged fillets (3,000-OTR film) were Ͻ1.0% from an initial concentration of 21.3%. The concentration fluctuated very little during the remainder of the study, which ended on day 35. The CO 2 concentration for the same packages increased from 0.8 to 21.3% by day 20 and achieved a concentration of 22.3% by day 35. Changes in the composition of headspace gases are attributable to postmortem metabolic and microbial processes. In similar studies, O 2 concentrations dramatically decreased in tilapia fillets (23) , aquacultured salmon (26), pond-raised catfish (24) , and cod (25) . Headspace CO 2 concentrations increased from Ͻ1.0 to Ͼ15.0% at the time of spoilage in all four studies. Concentrations of CO 2 Ϫ2 24 h Ϫ1 at 24ЊC and 0% relative humidity, there was a headspace decrease in CO 2 and an increase in O 2 , but for packaging with an OTR of 11.6 cm 3 m Ϫ2 24 h Ϫ1 at 24ЊC and 0% relative humidity, a headspace decrease in O 2 and an increase in CO 2 were recorded.
Fillet pH.
Initial pH values in uninoculated flounder fillets at 4 and 10ЊC for both the 3,000-OTR-packaged fillets and the 100% CO 2 -packaged fillets (OTR, 7.8) averaged 6.76. At 10ЊC, pH values slowly declined in the 3,000-OTR-packaged fillets to 6.16 by day 9, coinciding with absolute rejection. For the 100% CO 2 -packaged fillets, pH values decreased to 6.03 by day 9, which is where the values generally remained until the termination of the study on day 18. The initial pH measurement for the 3,000-OTRpackaged fillets at 4ЊC (day 20) averaged 6.35. Subsequent measurements were higher but were less than 6.7. Fillets packaged in 100% CO 2 were initially sampled on day 20, with an average pH value of 6.00. The pH increased to approximately 6.3 by the termination of the study on day 35. Parkin et al. (20) found a decrease in pH for MAP rockfish fillets packaged in 80:20 CO 2 -O 2 . Reddy et al. (25) and Cai et al. (2) found no change in the pH of the cod and channel catfish fillets stored at any temperature or atmosphere combination, respectively. Additionally, Dufresne et al. (5) reported no significant changes in the pH of the rainbow trout fillets due to the buffering capacity of the fish proteins. Similarly, there was no initial decrease in the pH of the salmon fillets stored under 100% CO 2 (9) . Conversely, Reddy et al. (24) reported that the initial average surface pH for catfish fillets on the day of spoilage in air packages at 4 and 16ЊC increased but that it decreased at 8ЊC. In modified atmosphere packages, pH values decreased and then increased above initial levels by the day of spoilage. For all combinations of package and temperature for aquacultured tilapia (23) and salmon fillets (26) , surface pH values decreased during early storage and increased later. The initial pH decrease was assumed to be caused by the saturation of CO 2 into the tissue of the fillet during early storage. However, for all atmosphere combinations and types of species, pH values ranged from 6.12 to 7.04. In uninoculated air-packaged salmon fillets, pH values increased by 0.05 to 0.12 at 4, 8, and 16ЊC.
Toxin production in relation to microbiological count and sensory rejection. At 4ЊC, inoculated flounder spoiled in the 3,000-OTR package after 15 days, but no toxin was formed, even after 35 days of storage (Tables 2 and 3) . At 10ЊC, botulinum toxin occurred in inoculated flounder fillets in the 3,000-OTR-packaged fillets on day 8 of the seventh replication and on day 9 in one of five replications ( for this type of study.) However, at 10ЊC, both microbial spoilage (Table 2 ) and absolute sensory rejection (data not shown) occurred before toxin formation. At 4ЊC in vacuum-packaged fillets (OTR, 7.8), toxin formed on or before day 20, but microbial spoilage did not occur for more than 35 days (Tables 2 and 3 ). At 10ЊC in vacuum-packaged fillets (OTR, 7.8) on day 9, toxin formation coincided with microbial spoilage (Tables 2 and 3) . However, sensory panelists did not reject the fillets on the basis of odor or appearance (data not shown).
At 4ЊC in 100% CO 2 -packaged fillets (OTR, 7.8), toxin formed in one of seven replications sampled on days 25, 30, and 35. This may have been caused by an incubator malfunction on day 20, when the temperature reached 9 to 11ЊC for 48 h before the malfunction was corrected. Toxin formed, but microbial spoilage in these samples did not occur (Ͼ37 days) ( Table 2 ). This illustrates that variations in temperature, which do occur in both retail and consumer situations, can cause unsafe fillets when fillets are packaged with 100% CO 2 . At 10ЊC after 9 days of storage in 100% CO 2 , toxin production coincided with microbial spoilage (7.8 log CFU/g), since toxin formed on or before day 9 ( Table 3 ). The APC was determined for the majority of samples, under all storage conditions, when toxin was detected. The mean APC for these samples was 7.6 log CFU/g (range, 6.8 to 8.3 log CFU/g).
C. botulinum toxin production varies among fish species. Some species are more inclined to become toxic than others. Fat and protein content may play a role (25) , in addition to natural microbial flora. Also, C. botulinum is sensitive to microenvironments. Because of the potency of the toxin, only a small number of spores are sufficient to cause illness. If these spores are subjected to conditions conducive to growth on the microscopic level, germination and subsequent toxin formation will occur, no matter what the package environment, microbial count, or pH is on the macroscopic level.
The range of pH values reported is consistent with those published elsewhere. Differences in initial pH values and final pH values may be attributed to factors such as different fish species, surface versus internal pH measurement, packaging atmospheres, relative fish freshness, and fish stress (e.g., amount of lactic acid in the musculature at time of death). Results indicate that pH is a poor indicator of microbial spoilage, time to sensory rejection, and toxin production. APCs (spoilage) cannot be used as a reliable tool to monitor toxin production, since there is no correlation between toxin formation and these counts.
The position of the U.S. Food and Drug Administration is that only films with an OTR greater than 10,000 can be considered oxygen permeable for packaged, refrigerated, fishery products (31) . The present study indicates that lower OTR films (e.g., 3,000 OTR) can be used and considered oxygen permeable and maintain the safety of the product. At 4ЊC, toxin did not form in any flounder fillet package with a film OTR of 3,000. At 10ЊC, inoculated flounder packaged with a film OTR of 3,000 did not form toxin in any replication prior to microbial spoilage or absolute sensory rejection of the product.
